The effect of oxygen vacancy on the dielectric and electromechanical properties in lead titanate zirconate based ferroelectric ceramics is discussed in this paper. The presence of oxygen vacancy forms a defect-dipole inside a perovskite cell. This defect-dipole contributes to the unswitchable polarization and influences the alignment of the ferroelectric dipole in the same cell as well. The latter is due to the displacement of the B-site cation, which contributes to the switchable polarization. It is found that a double hysteresis emerges when the alignment of defect-dipole conforms with the crystal orientation, which is perpendicular to the measured polarization. Moreover, the optimal electromechanical property can be obtained by careful adjustment of c-domain volume fraction and the alignment of defect dipoles. Monte Carlo simulation based on the four-state Potts model is presented. Calculation results are compared with experiments.
I. INTRODUCTION
Perovskite type ferroelectrics such as lead titanate zirconate ͓Pb͑Ti x Zr 1−x ͒O 3 ͔, barium titanate ͑BaTiO 3 ͒, and potassium sodium niobate ͓͑K 0.5 Na 0.5 ͒NbO 3 ͔ have been widely used for a large number of dielectric and electromechanical applications. Among these materials, both the dielectric and electromechanical properties rely on polarization switching, in which non-180°domain switching plays a dominant role. [1] [2] [3] [4] On the other hand, in order to optimize the performance of these materials, a precise control on the material properties is vitally important. One typical factor is the presence of defects, which can be either point defects or dislocations. They are created in many different ways, such as nonstoichiometry, extrinsic doping, 5 thermal mismatch, distortion upon phase transition, film/substrate lattice mismatch, 6 etc. Among various types of defects, oxygen vacancies, either as isolated point defects or as defect-ion dipolar pairs by combining with other ionic species are always present in oxide ceramics. They are usually generated by annealing in oxygen-deficient ambient or lower valence cation substitution.
The role of oxygen vacancies on the ferroelectric properties has been extensively discussed before. For example, the presence of oxygen vacancies enhances the coercive field, 7, 8 creates imprint effect by shifting the polarizationelectric field ͑P-E͒ loop along the electric field axis, 7, 9 and causes polarization fatigue effect. 10, 11 There are also a number of reports on the occurrence of double hysteresis loops in the presence of oxygen vacancies. [9] [10] [11] [12] [13] Ren 14 has presented a qualitative explanation for the presence of double hysteresis loop by considering the conformal alignment of defect dipoles along the spontaneous polarization P S direction imposed by the crystal symmetry. Each of these dipoles is created by oxygen vacancy in the perovskite cell. The measured polarization driven by an external electric field is perpendicular to P S . It was also suggested that the alignment of these defect dipoles is achieved after aging. Furthermore, this defect dipole also influences the rotation of the ferroelectric dipole of the same cell. The latter will, in turn, affect both the overall polarization and electromechanical response.
It is interesting to know how the electromechanical property is influenced by oxygen vacancies. Several aspects may be studied, such as the domain structure in the presence of oxygen vacancies, coupling between the oxygen vacancy and the ferroelectric dipole, strain effect due to lattice distortion, change in grain size due to lower valence doping, etc. For instance, Fan et al. 15 have observed different domain structures of Pb͓͑Zn 1/3 Nb 2/3 ͒ 0.5 − ͑Zr 0.47 Ti 0.53 ͒ 0.5 ͔O 3 ͑PZN-PZT͒ samples prepared under different conditions: as-sintered, postannealed in argon, and postannealed in oxygen ambient atmospheres. The quantities of oxygen vacancies are believed to be different among these samples. It was found that the sample annealed in oxygen atmosphere exhibited the largest electromechanical coupling factor and piezoelectric coefficient, while the as-sintered one showed the least. In other words, the electromechanical effect is reduced in the presence of oxygen vacancies. Zhang and Ren 8 have drawn similar conclusions by suggesting that the domain wall motion through 90°rotation is impeded because of the unfavorable alignment of ferroelectric dipoles in the presence of defect dipoles generated by oxygen vacancies. However, Hou et al. 16 cancies, but also influences the crystal structure and microstructure. The increase in electromechanical properties in the presence of oxygen vacancies suggests that the latter is not necessarily a detrimental factor on the device performance. Furthermore, their effects on the microstructure as well as their role on the polarization switching should be explored. The role of dislocations on the ferroelectric properties has also been studied. For instance, Alpay et al. 17 have performed theoretical investigation using thermodynamic analysis. The coupling between the dislocation-induced stress and polarization results in polarization gradient near the dislocation. The polarization gradient reduces the polarization in a region over several nanometers. This in turn imposes a critical thickness below which the ferroelectricity is unstable. Similarly, Balzar et al. 18 have derived the shift in CurieWeiss temperature in the presence of inhomogeneous strain using thermodynamic Gibbs free energy approach. They attributed the inhomogeneous strain to misfit dislocations, threading dislocations, and nonrandomly distributed point defects. However, either the inhomogeneity in strain or in polarization does not necessarily deteriorate the material properties. For instance, Zhong et al. 19 have observed enhanced piezoelectric response in multilayered and heterogeneous Ba 1−x Sr x TiO 3 thin films and in compositionally graded BaTiO 3 −Ba 1−x Sr x TiO 3 and PbTiO 3 −Pb 1−x Zr x TiO 3 systems. 20 In this work, we try to investigate the coupling effect of oxygen vacancy with the ferroelectric dipole of each perovskite cell. The theoretical modeling and numerical simulation are presented in next section. The simulation results are presented in Sec. III.
II. THEORY AND MODELING
In this work, we are investigating the dielectric and electromechanical properties of a lead titanate zirconate Pb͑Ti 1−x Zr x ͒O 3 ͑PZT͒ single crystal in tetragonal phase. The crystal is in multidomain configuration, where the polarization of c-domain is along the z-axis ͑or longitudinal axis͒, and a-domain along either x-or y-axis ͑or transverse axis͒. Due to the equivalence between the two transverse directions, it is desirable to simply the system into a twodimensional one in order to reduce the computation. Consequently, we adopt a two-dimensional four-state Potts model with N x and N z perovskite cells along x and z directions, respectively. The width and thickness of the sample are w = N x ⌬ and d = N z ⌬, respectively, where ⌬ is the size of a cell. The use of Potts model enables us to simulate the interaction of oxygen vacancy in each cell, the ferroelastic response in a 90°dipolar rotation, and the association between the ferroelectric dipoles and ferroelastic strain states. The detailed description of this model can be referred to the previous publications. 7, 21 A ferroelectric dipole at a cell is a result of the displacement of the B-site cation from the center of symmetry. In the tetragonal phase under the two-dimensional geometry, it has four different states denoted by the following pseudospin matrices:
where 0 Ͻ i Յ N x and 0 Ͻ j Յ N z represent the position of the cell in the crystal. Likewise, if an oxygen vacancy exists in a cell, it can be located at one of the four faces. The vacancy states can be described by the following matrices:
where the zero matrix represents the absence of vacancy. The number of vacancies in the system is N V , where
In the presence of the top and bottom surfaces, the distribution of oxygen vacancies along the thickness direction is given by
where Lz 1 and Lz 2 are characteristic distribution lengths of oxygen vacancies at the top and bottom surfaces. Note that when Lz 1 = Lz 2 ӷ d, the distribution becomes uniform given by
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The probabilities of the oxygen vacancy at the different positions of a cell are denoted by p T , p L , p B , and p R corresponding to the top, left, bottom, and right faces, respectively, i.e., associated with the vacancy states V i,j of Eq. ͑2͒. It is also restricted that p T + p L + p B + p R = 1. We will discuss the effect of oxygen vacancy in the following paragraph.
First of all, an oxygen vacancy is created by the removal of an oxygen ion in one of the faces of the perovskite cell. It is positively charged and forms a defect-dipole P D with the direction pointing from the cell center toward the vacancy, even without other doping species. On one hand, the B-site cation in the same cell, such as Ti 4+ , will displace away from the vacancy site and result in a ferroelectric dipole antiparallel to the defect dipole due to the Columbic repulsion between Ti 4+ and the oxygen vacancy. 7, 21 This effect can be represented by the additional Hamiltonian term
where H V1 is the coupling coefficient and the superscript T after a generic matrix X denotes the transpose matrix of X . H V1 bears a positive sign, reflecting that the antiparallel alignment between the two dipoles is preferred. Second, in the presence of a defect-dipole P D , local electric fields in the neighboring cells are induced, as shown in Fig. 1 . The magnitudes of these fields at the nearest neighbors are
where b is the distance of the oxygen vacancy away from the center of the cell. The dipole field drops rapidly by the 1 / r 3 dependence. The induced field at the second nearest neighbors or beyond can thus be ignored. Conversely, defect dipole induced fields from the four nearest neighbors of a cell located at ͑i , j͒ can be obtained by the following relations:
where V m,n,z and V m,n,x are the z-and x-components ͑or first and second row͒, respectively, of the matrix V m,n located at a position ͑m, n͒. The presence of oxygen vacancy also induces a local tensile stress on the same cell. Uchida et al. 22 have observed the presence of residual tensile stress in Pb-poor PbTiO 3 film where lead and oxygen vacancies exist. Gupta and Katiyar 23 have investigated the lattice optical phonons in strontium titanate thin films using Raman spectroscopy. They concluded that development of microstress/strain was possibly due to the incorporation of defects such as oxygen vacancies. Though the system they have studied is strontium titanate, which is in cubic phase at room temperature, it has a perovskite structure. There are also reports on the presence of local strain fields at the proximity of mismatch dislocations. 6 The vacancy-induced stress can be described by the following expression: 
where J is the coupling coefficient between the neighboring ferroelectric dipoles, P S the saturation polarization, i,j the strain at each cell, ␣ the coupling coefficient between neighboring ferroelastic strain states. The term HЈ caters for the effect of anisotropic switching of dipoles through 90°r otation, 21 which can be expressed as
where h CA is the energy barrier for switching a ferroelectric dipole from c-to a-domain, C and A =1− C are volume fractions of c-domains and a-domains, respectively, n is a longitudinal unit matrix, given by n = ͑ 1 0 ͒ . The last term in Eq. ͑10͒ H a incorporates the effect of oxygen vacancy, as discussed in Eq. ͑5͒. It is assumed that only oxygen vacancyinduced stress given by Eq. ͑10͒ exists and there is no external stress, so that i,j = i,j V . Moreover, this internal stress is inhomogeneous in space but constant in time. A uniform periodic external alternating electric field is applied along the longitudinal direction and the total electric field is given by
Finally, the strain in each cell can be divided into three contributions: ferroelastic strain i,j F associated with the rotation of a ferroelastic dipole, elastic strain i,j el governed by the elastic property of the sample, and field-induced strain i,j FI attributed to the distortion of cell due to the charge separation. The last strain component is related to the electric field 
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via the piezoelectric ͑d 33 and d 31 ͒ and electrostrictive coefficients ͑q 333 and q 331 ͒. The explicit expressions of these strain components have been discussed before. 21 In the present calculation, it is assumed that the sample is initially unpoled and divided into a number of domains randomly aligned with the four different orientations. Furthermore, the vacancy species are immobile. The ensemble of dipoles ͕Ŝ i,j ͖ then evolves in time according to the Metropolis algorithm. The overall polarization and strain at each time instance are evaluated by their ensemble averages, such as
III. RESULTS AND DISCUSSION
The double hysteresis loop and the electromechanical property induced by oxygen vacancies are simulated. The displacement vector-electric field ͑D-E͒ loops and strainelectric field ͑ 3 − E͒ butterfly loops in the presence and absence of oxygen vacancies are then compared, as shown in The effects of the c-domain volume fraction and hence the anisotropic switching on the hysteresis and butterfly loops are shown in Figs. 3͑a͒ and 3͑b͒ , respectively. The vacancy profile in these graphs is the same as for Figs. 2͑a͒ and 2͑b͒. At low C value, most of the ferroelectric dipoles are preferentially aligned along the transverse ͑or 100͒ direction at small electric field. They can be switched to longitudinal ͑or 001͒ direction only when the electric field is very large, resulting in a double hysteresis loop. Moreover, the loop area depends on the ability of ferroelectric switching through 90°rotation of these dipoles. Consequently, the larger the C value gives rise to the larger loop area as the switching becomes easier. On the other hand, the strainelectric field butterfly loop is largest at some moderate C value. At low C , most of the ferroelectric dipoles are clamped along the transverse direction, and only a few of them can be switched toward the longitudinal direction even at a very high electric field. It results in a small longitudinal strain. On the contrary, at a high C value, these dipoles are automatically aligned along the longitudinal direction. The application of electric field only flips them from one longitudinal direction to the other. It creates a large change in polarization but a small change in longitudinal strain.
The vacancy distribution at different faces of a cell, as reduce the area. As introduced earlier, the alignment of these defect dipoles along the transverse direction dictates the amount of ferroelectric dipoles that can be switched through 90°rotation. It has been shown before that the electromechanical effect is predominantly contributed by 90°r otations. 1-4 Thus the vacancy profile can strongly influence the electromechanical property. Hou et al. 16 have carefully controlled the amount of oxygen vacancies in their experimental investigation on 0 -3 wt % MnO 2 -doped Pb͓͑Zn 1/3 Nb 2/3 ͒ 0.20 − ͑Zr 0.50 Ti 0.50 ͒ 0.80 ͔O 3 system and obtained an optimal electromechanical response by 1% MnO 2 doping. Zhang et al. 24 have also obtained similar enhanced electromechanical properties in MnO 2 -doped ͑Ba 0.95 Sr 0.05 ͒TiO 3 ceramics. From both of these experiments, MnO 2 is an acceptor dopant, creating oxygen vacancies.
In this simulation work, it is assumed that oxygen vacancies are symmetrically distributed with respect to the top and bottom faces, as well as left and right faces. Any asymmetric distribution of oxygen vacancies over a cell ͑i.e., p T p B or p L p R ͒ or over the sample ͑i.e., L z1 L z2 ͒ results in the shift of the hysteresis loops, which is conventionally known as imprint effect. However, the asymmetric distribution of oxygen vacancies is beyond our present discussion.
From the simulation results, it can be concluded that the existence of double hysteresis loop is attributable to the conformal alignments of ferroelectric dipoles and the defect dipoles along the transverse direction. When these two alignments are mutually perpendicular, the effect induced by one of them might be cancelled out by the other and only an ordinary hysteresis loop can be obtained. This result is consistent with the conclusion drawn by Ren and Zhang 8, 14 after their investigation on the aged BaTiO 3 samples. They suggested that oxygen vacancies were generated by lower valence doping such as MnO. After aging these samples, the diffusion of oxygen vacancies results in symmetryconforming property, in which the alignment of the defectdipoles conforms with the direction of the spontaneous polarization. Both the measured polarization and driving electric field are perpendicular to the former alignments. Even though their system was BaTiO 3 while our present case is Pb͑Ti 1−x Zr x ͒O 3 , both of them have identical crystal structure and of the same displacive-type ferroelectricity. The direction of spontaneous polarization in a tetragonal cell is along its elongated axis. If this axis is along the transverse ͑or 100͒ direction, then the sample is dominated by a-domains with a small c value. However, a small c value alone is not enough to produce the double hysteresis loop, as depicted by the dotted line in Fig. 4͑a͒ . In this case, defect dipoles are predominately along the longitudinal direction ͑with large p T and p B values͒. These defect dipoles encourage the longitudinal alignment of ferroelectric dipoles, canceling out the effect of small c value. Similarly, the transverse defect dipoles alone do not result in double hysteresis loop. For instance, the dotted line in Fig. 3͑a͒ represents the case where most of the defect dipoles are transversely aligned, the D-E relation is restored to an ordinary hysteresis loop under a large c value. In summary, a double hysteresis loop occurs only when the defect-dipole alignment conforms with the direction of the spontaneous polarization, which is determined by the crystal orientation and structure, consistent with the conclusion drawn by Ren 14 and Zhang. 8 Warren et al. 25 have confirmed the preferential alignment of defect dipole along the spontaneous polarization direction in BaTiO 3 and Pb͑Ti 1−x Zr x ͒O 3 samples upon aging, using electron paramagnetic resonance investigation.
IV. CONCLUSION
The role of oxygen vacancy in the switching mechanism of lead titanate zirconate based ceramics is discussed and the numerical simulation using four-state Potts model is presented. A defect dipole is induced in the presence of an oxygen vacancy in a cell. Its location in the cell strongly influences the switching behavior of the ferroelectric dipole. The latter in turn influences the dielectric and electromechanical properties. A double hysteresis loop can be generated if the alignment of defect dipoles conforms with the direction of spontaneous polarization, which is perpendicular to the direction of measured polarization and driving electric field. Moreover, enhanced electromechanical properties can also be obtained by optimizing the orientations of the crystal and the defect dipoles.
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